abstract: The influence of body size on the energetic cost of movement is well studied in animals but has been rarely investigated in bacteria. Here, I calculate the cost of four chemotactic strategies for different-sized bacteria by adding the costs of their locomotion and reorientation. Size differences of 0.1 mm result in 100,000-fold changes in the energetic cost of chemotaxis. The exact cost for any given size is a nonlinear function of flagella length, the minimum speed necessary to detect and respond to a signal, and the gradient of the signal. These parameters are interlinked in such a way that body size and strategy are tightly coupled to particular environmental gradients, offering avenues for explaining and exploring diversity and competition. The analysis here has implications beyond bacteria. Power-law regression through the minimum costs of transport for different kinds of chemotaxis has the same slope as that for swimming animals, suggesting a universal allometric equation for all swimming organisms.
Body size is an essential phenotypic character for describing the evolution of life-history strategies, biomechanical limitations, and allometry in a variety of physiological and ecological processes (Cope 1896; Pianka 1970 Pianka , 1995 Schmidt-Nielsen 1984; Dobson 1992) . For example, body size sets the biomechanical and hence energetic limits for movement (Schmidt-Nielsen 1972) . These size-imposed limits are important for determining which locomotory methods are practical, the maximum attainable speed, and the duration over which motion can be maintained (Schmidt-Nielsen 1984) . These attributes, in turn, help determine the strategies for predator attack, prey defense, and searching for food. For animals, the relationship between body size and movement and its importance in * E-mail: jim.mitchell@flinders.edu.au.
Am. Nat. 2002. Vol. 160, pp. 727- ecological and evolutionary processes is an area of continuing research (Schmidt-Nielsen 1984; Ellington et al. 1996; West et al. 1997; Williams 1999; Enquist and Niklas 2002) .
Metabolic rate and many other plant and animal characters change allometrically with body size (SchmidtNielsen 1984) . The underlying mechanism for the allometric scaling is a branching network that ends with structures of constant size (West et al. 1997 ). The term "branching" includes familiar examples such as circulatory systems that end in capillaries, but it is broader and encompasses structures that start with the whole organism and end at ribosomes and RNA (West et al. 1997 (West et al. , 1999a . This approach has explanatory and predictive power for a variety of observations on plants and animals (West et al. 1997 (West et al. , 1999a (West et al. , 1999b Enquist et al. 1998 Enquist et al. , 1999 but has been less extensively applied to microbes. This is because basic size-related observations of microbes are lacking, and our understanding of ecological and evolutionary processes in microbes, particularly bacteria, has lagged behind that of animals and plants. However, as microbiological techniques have advanced, bacteria and other microbes have become attractive experimental systems in ecology and evolutionary biology (e.g., Lenski et al. 1991; Hamilton and Lenton 1998; Strassmann et al. 2000; Velicer et al. 2000) .
Although bacteria are often generically termed "microscopic" and characterized as 1-mm spheres, size changes are crucial for bacterial survival. Bacteria commonly range in size from 0.2 to 5 mm long (Kjelleberg 1993; Dusenbery 1997) . Here, the relationship between bacterial size and movement cost is established and shown to fit the same allometric equation as that for size and movement cost in animals. This result suggests a universal allometric exponent for organism movement and thus may support recent work on universal scaling laws in biology (West et al. 1999a) .
The remainder of this article is composed of four sections. "Overview of Bacterial Motility and Chemotaxis" introduces bacterial chemotaxis and is followed by "Chemotactic Strategies," which describes the four chemotactic motility strategies analyzed here. "The Calculation of Energetic Cost" calculates the energetic cost of each strategy. "Discussion" links the costs and restraints of chemotaxis to the availability of surrounding resources and compares the allometry of bacterial and animal movement.
Overview of Bacterial Motility and Chemotaxis
Motility appears to have arisen early in the evolution of bacteria and, therefore, life in general, occurring in what are apparently 5 billion-year-old fossil bacteria (Friedmann et al. 2001; Thomas-Keprta et al. 2001 ). The primary evidence that these ancient bits of rock were once bacteria is the presence of nanometer-sized strings of biogenic magnetite. The strings are identical in size, crystal structure, and linear spacing to those found inside modern, motile magnetotactic bacteria (Friedmann et al. 2001; ThomasKeprta et al. 2001) . As with modern magnetotactic bacteria, these fossil bacteria presumably used magnetic fields to migrate into sediments and find the optimum chemical environment.
Today, motile bacteria are ubiquitous and often possess multiple chemotactic systems consisting of sets of flagella, motors, ion pumps, and receptors. These consume significant cell resources (Macnab 1987; Eisenbach 1996; Mitchell and Barbara 1999) whose expression is controlled by stimuli, such as nutrients and light. In response to these cues, bacteria produce a single flagellum at one end of the cell (polar flagellation), multiple flagella spread over the cell surface (peritrichous flagellation), or both. These bacterial flagella are fundamentally different from eukaryotic flagella. The former are rigid helices composed of a single protein, and the latter are flexible, membrane-bound structures with complex internal organization. A true rotary motor drives bacterial flagella and rotation direction changes in response to environmental cues.
Magnetic fields, along with gradients of light, chemicals, and velocity, are some of the environmental cues bacteria use to find particular environments (Armitage and Macnab 1987; Macnab 1987; Luchsinger et al. 1999) . Ultimately, bacterial response to any cue is a direct or indirect form of chemotaxis, since all bacteria must take up and use organic or inorganic monomers to live. While the molecular machinery of chemotaxis has been intensively investigated and has played a key role in understanding how external cues translate to internal biochemical processes, the importance of the energetic cost of motility has remained unclear (Macnab 1987 ). Purcell's (1977) calculations of the energetic cost of motility in bacteria showed the cost to be negligible but were based on bacteria moving in culture media, where resources are effectively unlimited. Indeed, the energetic cost rises above a few percent of that available to the cell only in environments such as the ocean, where nutrient concentrations are low and swimming speeds are high (Mitchell 1991; Mitchell et al. 1995a Mitchell et al. , 1995b . However, small changes can have disproportionately large impacts. Lenski et al. (1991) found that mean differences in growth rate as small as 0.01% per generation resulted in a fitness advantage of approximately 10% in Escherichia coli, a common intestinal bacterium. The potential importance of small physical differences on fitness and the opportunity to check the universality of the biological scaling law for movement warrants reevaluation of bacterial chemotaxis as a function of size.
Chemotactic Strategies
Chemical gradients are dynamic and ubiquitous in soil, water, infections, and digestive systems. Bacteria from these environments show a variety of responses to chemical gradients (Berg and Brown 1972; Mitchell et al. 1985 Mitchell et al. , 1996 Armitage and Macnab 1987; Fenchel 1994; Luchsinger et al. 1999 ). This article analyzes four strategies for chemotaxis: run and tumble, run and arc, run and stop, and run and reverse. Table 1 and figure 1 present the crucial  parameters for each strategy. Run-and-tumble chemotaxis is the most thoroughly investigated chemotactic strategy. The first complete works described peritrichous intestinal bacteria moving in nearly straight lines for 1 s and randomly reorienting for 0.1 s (Berg and Brown 1972; Macnab and Koshland 1972) . Increasing run time up to 3 s when swimming up an attractant gradient resulted in directional migration. The principles elucidated in these early articles laid the foundation for the modern understanding of chemotactic behavior in bacteria.
Run-and-arc chemotaxis has been reported only in the large marine bacterial species Thiovulum majus but is noteworthy because the reorientation phase, an arc, is approximately equal to the run phase in length and time and involves steering (Fenchel 1994) . The functional and conceptual difference between this and the other strategies is that the portion of the strategy that creates the taxis is the reorientation and not the run. The arc brings the cell back into the region of maximum concentration after the cell has begun to leave it. According to Dusenbery (1992) , the other reorientation strategies are indirect, while arcing involves direct orientation to the gradient. Crenshaw (1993) describes steering mechanisms that could produce arcs.
Run-and-stop chemotaxis occurs in the subpolar monotrichous Rhodobacter sphaeroides, where a stop replaces the tumble or arc (Armitage and Macnab 1987) . The diameter of R. sphaeroides, about 0.8 mm, means that during a stop time of about 0.1 s, rotational Brownian motion reorients the small cell to approximately the same extent as this intestinal bacterium's flagella-driven tumble.
Run-and-reverse chemotaxis occurs in polar monotrichous marine bacteria and other aquatic bacteria, where a run ends in a directional reversal that includes a negligible stop time . Reorientation associated with a tumble may be made unnecessary by reliable, one-dimensional attractant gradients that range from a few tens of micrometers to many meters wide Barbara and Mitchell 1996) . Reorientation may also be achieved by some other means, such as shear flow (Luchsinger et al. 1999) . Bacteria using run and reverse also have unusual runs in that they move at greater than 100 mm/s and have bursts of up to 400 mm/s . Since Brownian motion rotates small bacteria faster than large bacteria, the high speed presumably allows these small bacteria to produce similar straight-line distances to those of large bacteria.
Each of the above strategies is propelled by flagella and occurs in fluid. There are other movement mechanisms, such as in cyanobacteria that glide in fluid without flagella and in the many bacteria that move on surfaces. The focus here, however, is on the variations in flagellar motility that result in the different chemotactic strategies described above and the relative power requirements of these strategies.
The Calculation of Energetic Cost

Basic Power Requirements
The approach used for calculating costs separates chemotaxis into swimming (run) and reorientation (e.g., tumble) components, given as
Tc cs r where P Tc is the total chemotactic cost, P cs is the cost of chemotactic swimming, and P r is the cost of reorienting the cell. The expenditure, P, for a given speed is (Berg 1983) Figure 2: Minimum power requirement for chemotaxis as a function of cell size. Increasing the flagella length to cell radius ratio shifts the power minimum down and toward the smallest cell sizes. The merging of all lines is the region where the cost of tumbling dominates the cost of running. The dashed lines indicate flagella of a fixed 2-mm length. The initial rise of the fixed-length flagella provides a set amount of flagellar stabilization beyond which cost increases with cell size. The power is a log scale. A, The estimated power consumption, assuming that the path from the initial to final position is a straight line. This is unlikely but gives a conservative estimate of power use. The inset shows the contribution of the cell rotational friction expressed as a percent of the total rotational friction. A single 10-cell-radii flagellum contributes the remaining rotational friction. Additional flagella, for example, bipolar or peritrichous flagella, further reduce a cell's contribution to rotational stabilization. B, The estimated power consumption, assuming the path from the initial to final position is a random walk. This random path reflects the cost of multiple flagella reorienting a cell. The effect compared with A is to increase the cost of reorientation for all cells, pushing the curves up while bringing them closer to the Y-axis. Flagella increase the relative benefit or competitiveness of cells that are the size of the minima compared with smaller and larger sized cells, strengthening the arguments presented here. This compression against the Y-axis also means that small changes in cell size produce large changes in energetic cost. The inset shows how a cell's contribution to rotational friction decreases as flagellum length increases. The heavy curve is for a 0.3-mm-radius cell, and the light line is for a 1-mm-radius cell. The vertical dashed lines indicate where cell radii and flagella lengths are equal. As with most bacteria, the calculations here reflect bacteria with flagella much longer than a single cell radius. Again, to make the rotational friction err on the conservative side, the friction from the flagellum is of the amount produced by a straight, rodlike flagellum. In reality, the rotational friction of the flagellum will be higher than that shown here because a real flagellum is helical and, in some species, sheathed.
c where P is the power in erg/s, h is the dynamic viscosity of water, a c is the cell radius, and is the velocity. Mitchell v (1991) showed, through substitutions accounting for molecular diffusion of the attractant and rotational diffusion of the cell, that the minimum power required for chemotactic swimming is
cs 2 (av)
where k is Boltzmann's constant, T is absolute temperature, D m is translational molecular diffusion, and v is the mean turn angle in radians at the end of the run. Equation (3) includes diffusion of the attractant to take into account the distance a cell must go to sense a new environment for a given size attractant. The cost of reorientation is
r t where t is the rotation time in seconds and t is the torque
c c
where L c is the lever arm length, in this case, the cell radius. Combining P r with P cs and assuming a p/2 turn gives
Tc 2 a which is the average power required for classic run-andtumble chemotaxis of a spherical cell. Here, the constant 3 in the equation has fundamental units of mass/(length # time 3 ) in the centimeter-gram-second unit system and assumes standard room temperature, water viscosity, and molecular diffusion. The constant 3 is a minimum estimate. A maximum estimate must consider that the cell may not move from the initial orientation to the final orientation in a straight line. For a mean random reorientation by tumbling of p/2 radians, the total distance may exceed the lever arm length by a factor of 10. Furthermore, flagellar dynamics may rotate the cell around its diameter rather than its radius, increasing the lever arm length by a factor of 2. The constant, set at 3 in equation (6), may then range between 3 and approximately 60. Figure 2 compares these extremes. Subsequent figures use 3 as the constant for the cost of reorienting because it can be rigorously derived as an exact lower limit. Larger constants will increase costs, strengthening the arguments presented here. Similarly, calculations for each strategy used the basic features of intestinal bacterial chemotaxis for the variables, a straight-line run time of 1 s, and a reorientation time of 0.1 s, unless otherwise noted.
Flagellar Stabilization
The smaller a bacterium is, the faster the rotation from Brownian motion. Flagella increase the drag on a bacterium, thereby decreasing the rate of rotation and helping to stabilize the direction of movement (eq. [3]). At the low Reynolds numbers of bacteria, a single, 20-nm-thick flagellum is an effective stabilizer because a thin rod and sphere of equal length and diameter have similar rotational motion (Tennekes and Lumley 1972) .
Flagellar stabilization reduces power consumption by reducing rotation and permitting slower speeds along the same straight run distance. The effect of stabilization on cost is
rT rc rf where F rT is the total rotational friction coefficient, f rc is the rotational friction coefficient of the cell, and f rf is the rotational friction coefficient of the flagellum. This simple addition ignores the shift of the rotational center and complex hydrodynamic interactions between cell and flagellum. However, as shown below and in figure 2A (inset), the cell contributes !5% of the rotational friction. From Berg (1983, p. 84; his fig. 6 .7), this is
rT c
where a f and b f are the major and minor radii of the flagellum. The flagellum term to the right of the addition sign is an approximation, but it is valid for the large axial ratios here of 10-1,000. Factoring 8ph and substituting from equation (8) gives the diffusional rotation with flagellar stabilization, D fs :
where D fs has units of radians 2 /s. To include D fs in the power estimation, in equation (2) (2), simplifying, and expressing the power cost with flagellar stabilization, P fs , gives Figure 2 shows the estimates of the cost.
Power Requirements in Gradients
Equation (13) is an estimate of the cost for a single run and turn, independent of signal strength and normalized to 1 s. Dusenbery (1997) gives the equation for chemotaxis in a gradient with a signal to noise ratio of 1. To estimate power requirement as a function of size, is needed in 2 v terms of the gradient. Substituting, rearranging, and solving Dusenbery's (1997) 
where C is concentration, d is the distance between positions in a gradient, and L g is the decay length of a spatial gradient, gives
Substituting into equation (2), taking into account flagellar stabilization, and combining the resulting terms to get power expressed in terms of cell size and gradient length plus a constant gives 10 L g P p .
( 1 6 )
The cost estimates are in figure 3 for a concentration of about 10 12 nutrient molecules/cm 3 (or 10 Ϫ8 M). This concentration is low because motility is most likely to be important as nutrients become scarce (Malmcrona-Friberg et al. 1990) . The above estimates all assume a constant speed of 10 mm/s, but some bacteria move at least 10 times faster than this (Magariyama et al. 1994; Mitchell et al. 1995a Mitchell et al. , 1995b . Solving equation (13) for speed gives the minimum speed necessary for chemotaxis of a given cell size, flagellar stabilization, and power, as shown in figure   4 . Figure 5 shows the power expenditures required for run-and-tumble motility at 10 and 100 mm/s.
Run-and-Arc Chemotaxis
From the figures thus far, it is clear that tumbling is expensive for large bacteria. Indeed, very large bacteria, such as Thiovulum majus and Chromatium minus, do not tumble Fenchel 1994 ) but reorient by arcing and reversing, respectively. The power required for chemotaxis with arcing, P arc , was estimated from
arc fs at where P at is the cost of turning using an arc, as estimated by (4) and (5), the cost of T. majus
Tt t where is the angular velocity of the turn and L L is the v a length of the lever arm over which the torque acts. The T. majus studied by Fenchel (1994) did not change direction by p radians. As a compromise between a random tumble (mean ∼0.5p radians) and a complete reversal (p radians), a value of 0.75p radians is used as the mean reorientation, or sweep, of the lever arm. Figure 6 compares the cost of run-and-arc with run-and-tumble chemotaxis, showing the run-and-arc strategy is only competitive for large cells.
Run-and-Reverse and Run-and-Stop Chemotaxis
Thus far, discussion of the reorientation phase has focused on turning. Some aquatic bacteria, however, reverse direction rather than turn, such that the trailing end of the cell becomes the leading end of the cell Berg and Turner 1995) . The disadvantage of reversal is that direction change over a few runs is restricted to approximately one dimension. However, stable onedimensional chemical gradients are common in aquatic environments; they range from a few tens of micrometers in microbial mats to many meters in lakes and the ocean (Barbara and Mitchell 1996; Hansell and Carlson 1998; Rondell et al. 2000; Schultz and Ducklow 2000) . The advantages of reversing are that changing direction requires no energy and that little taxis time is lost because the stopped time is short. The low Reynolds number at which bacteria operate means that the cell and flagella stop almost instantly compared with the time required for a tumble (Purcell 1977) . Similarly, the motor reversal time should depend on the rotation rate of the motor. With no inertia, the motor-flagella complex could stop and reverse within one revolution. At 200-1,700 revolutions/s (Magariyama et al. 1994; Fung and Berg 1995) , directional change could require less than a millisecond, or 0.1% of the 1-s run time. In contrast, reorientation requires about 100 ms for run-and-tumble chemotaxis (Berg and Brown 1972) . Figure 7 shows the costs of run-and-reverse compared with run-and-tumble chemotaxis with and without a gradient. For very small cells, the cost of the two strategies is the same in the absence of a gradient, beginning to diverge at 0.6-mm radius. A gradient of 1 mm decreases the cost compared with no gradient for all but the smallest cells. The presence of the gradient causes the divergence of cost between run and tumble and run and reverse to be sharp at 0.3-mm radius. For cell radii larger than 0.7 mm, run-and-reverse chemotaxis is less costly than runand-tumble chemotaxis, regardless of whether a gradient is present.
The run-and-reverse strategy has an additional, if less obvious, cost advantage. Eliminating tumbling eliminates the need to be peritrichous, which means that a cell with a single polar flagellum can be chemotactic. The cost of a flagellum, based on 11 monomer/nm rise and 25,000 g/ mole (Jones and Aizawa 1991) , is about 2.5 # 10 Ϫ16 gC/ mm of flagellum, assuming the amino acids are 50% carbon. For calculating flagella as a fraction of cell carbon, I assume peritrichous cells have 10 flagella, each 10 cell radii long ( fig. 8) . At a cell radius of 0.2 mm, peritrichous flagellation is 50% of the total cell carbon, and monopolar flagellation is 10%. 
Minimum Run Lengths for Given Cell Sizes by Different Strategies
The above analysis indicates the limits for run-and-tumble and run-and-reverse chemotaxis. Both strategies have energetic costs and benefits, but defining simple physical limits is possible and highlights the strategies available to different-sized bacteria. Dusenbery (1997) defined a range of lower size limits for motile cells. Combining these limits with the above calculations and fundamental physical constraints on bacterial motility (Berg 1983 ) provides estimates of chemotactic run length envelopes for given cell sizes. The minimum size is limited by gradient detection and, from Dusenbery (1997) , is
The maximum distance a cell can travel in a straight line with flagellar stabilization is
max c
Solving this for the run-and-reverse and run-andtumble parameters gives the results illustrated in figure 9 . The minima and maxima for the two strategies diverge at cell diameters of approximately 0.25 and 1 mm, similar to the 2r values of Dusenbery (1997) .
Discussion
This study investigated how body size and environment interact to influence the cost of swimming strategies in bacteria. In this context, microbes are useful because the simplicity of their morphology, behavior, and resource requirements permits exact calculations. This approach quantitatively and mechanistically links behavior and morphology of individuals to spatial resource gradients. Specifically, the size and strategy of minimal costs depend on the steepness of the chemical gradient and the length of the bacterium's flagella. Because of these interactions, small body size changes (∼0.1 mm) can result in energetic cost changes of up to 100,000 times ( figs. 2, 3) . Such large changes may help explain the tight control of motility in nutrient-limited bacteria (Kjelleberg 1993) . The importance of tight control is further highlighted by recent work showing that small physiological differences between competing groups can make the outcome of competition in microbial systems fundamentally unpredictable (Codeço and Grover 2001; Huisman and Weissing 2001) . Bacteria change size, over minutes to hours, in response to nutrient concentrations (Kjelleberg 1993 ). The result is that the phenomenon of local adaptation, found in animals (Smith and Van Buskirk 1995) , may be difficult to achieve for bacterial chemotaxis strategies.
Cost Savings from Flagella
Although not usually considered in the ecology of bacteria, flagellar length reduces the energetic cost of chemotaxis by stabilizing the individual against diffusional rotation ( fig. 2) . A consequence of this stabilization, however, is that the size at which the minimum cost for chemotaxis , , and (where a bacterium chases a moving a p arc s p stop t p track nutrient source; G. Barbara and J. G. Mitchell, unpublished data) . The tumble and reverse envelopes are calculated at the lower and upper limits. The a, s, and t envelopes are estimated placements and shapes and may overlap or extend beyond other envelopes. The thick black line at the bottom of the envelope is the point at which the run length equals the cell radius. Values below this line imply chemosensing over the body length, a possibility in some situations (Dusenbery 1998) . Only the sharp boundaries of the shading represent calculations for run-and-reverse and run-and-tumble chemotaxis.
occurs is reduced ( fig. 2 ). This creates a size vice for motile bacteria. The cost advantage of being small creates pressure for size reduction of large cells (figs. 2, 3), while the sensory and rotational advantages of being large create pressure for size expansion of small cells. The result is a narrow optimal size range for a given set of environmental conditions. The vice metaphor is also appropriate because the presence of a lengthening flagellum narrows the width and steepens the sides of the cost minimum ( figs. 2, 3) . This results in larger cost changes for the same size change.
Cost Savings from Chemical Gradients
To understand the energetics of chemotaxis requires exploring the surrounding chemical environment. Assuming, as has been done here, that there is sufficient chemical signal to sense, the essential factor for chemotaxis is then the length of the gradient. In the vice metaphor, chemical gradients "squeeze" size further, reducing the absolute size and narrowing the most cost-effective size range ( fig. 3A) . At the same time, the absolute cost decreases at the minima and increases away from the minima (fig. 3A) . Overall, this tightly couples the size of minimal cost to the gradient length, effectively creating size-specific niches in which steep gradients favor small bacteria. The mechanism is simple: steep gradients require shorter distances (run lengths) than shallow gradients to be sensed; hence, a shorter straight line run is needed, and slower speeds can be used by smaller cells. For bacteria with radii 10.3 mm, in gradients longer than 1,000 mm, the advantage is lost (fig. 3) . This is short compared with the centimeter gradients used to study chemotaxis (Adler 1966) but is similar to gradients found in the ocean (Maeda and Taga 1983; Blackburn et al. 1998) . For the smallest bacteria, the cost increase begins over a 4-5-mm gradient. The presumable rarity and transience of gradients this size suggest that motility is very expensive for small cells, supporting the contention that useful motility cannot occur in the smallest bacteria (Dusenbery 1997 ).
Since figure 3 shows the cost of chemotaxis in the presence of a chemical gradient, what does it mean in figure 2 to calculate the cost of chemotaxis with no gradient? Figure 2 calculates how much it costs for a bacterium to move enough to determine whether a gradient is present. In this sense, figure 2 is the cost of searching for a resource, and figure 3 is the cost of migrating toward that resource. Figure 3A compares these two behaviors and shows large bacteria are effective for the former and small bacteria are effective for the latter. This distinction is consistent with the presence of small bacteria in the low nutrient ocean (Maeda and Taga 1983; Blackburn et al. 1998 ) but large bacteria in nutrient-rich intestines and eutrophic lakes (Macnab 1987; Mitchell et al. 1991) .
Cost and Reorientation
The first three figures explore the consequences of tumbling. Stopping is a trivial case where the cost of reorientation goes to zero. Arcing appears to be a method by which large bacteria circumvent the cost of tumbling. Figure 6 shows that the cost of arcing reorientation is greater than tumbling reorientation between radii of 0.3 and 2.5 mm. This upper limit is the minimum size for the only reported arcing species, Thiovulum majus (Fenchel 1994) . From this correlation, I propose that the lower size limit of T. majus is located where the arcing reorientation becomes a competitive disadvantage. The convergence of power requirements for arcing and tumbling reorientation at radii !0.3 mm makes it appear that both reorientation strategies are equally likely. The absence of any reports of small arcing cells may be due to insufficient examination or the predominance of a third alternative reorientation strategy, such as reversing, that is less expensive for small cells than either arcing or tumbling.
Elimination of the reorientation phase would reduce power requirements below those needed for arcing and tumbling. Simply stopping without tumbling and waiting for Brownian rotation to do the reorientation is one way Figure 10 : Fraction of maximum uptake for chemotactically sensible and energetically useful solutes as a function of the number of receptors on a cell surface. The vertical line at 50 receptors is the lower limit for placement on a 1-mm cell before cellular infrastructure for precisely controlling placement is necessary. The vertical line at 300 receptors indicates the number of receptors necessary to obtain half the maximum uptake possible, with the entire surface covered by receptors for a 0.1-mm cell radius. The inset shows decreasing uptake per receptor added to the cell surface, particularly higher uptake per receptor for smaller cells compared with larger cells, and the rapid relative decline in the utility of adding more receptors for small cells. Calculations are based on Berg and Purcell (1977) . of eliminating power expenditure during this phase of chemotaxis. However, this strategy works only for cell radii smaller than about 0.4 mm. As the cell radius becomes larger than 0.4 mm, the stop time becomes large, and so the net migration rate becomes small. In some situations, stopping may place the cell at a competitive disadvantage. For example, run-and-stop chemotaxis may be ineffective and disadvantageous where a gradient is moving and an alternative strategy permits another species to be tactic during the first species' stop. Run-and-reversal chemotaxis is potentially one such strategy ( fig. 7) .
Flagellar stabilization against rotation reduces the energetic cost of chemotaxis but adds the biosynthetic cost of flagella production ( fig. 8) . Flagella usually account for 11% of cell carbon without counting the biosynthetic costs of motors, receptors, or the communication pathways ( fig.  10 ). For the smallest sizes, these values are well above 10%. Such high costs should be a strong constraint on competitiveness and lead to the prediction that monopolar bacteria should be smaller than peritrichous bacteria.
Flagellar stabilization blurs the predicted absolute lower physical limit on size (Dusenbery 1997) . For very large bacteria, tumbling with multiple flagella is physically possible but may not be competitive with polar flagella (fig.  7) . In addition to the cost analysis, environmental suitability may also play a role in determining the appropriate reorientation strategy. Run-and-tumble random walks are superior for exploring and performing chemotaxis in complex three-dimensional environments such as soft agar (Wolfe and Berg 1989) , the intestine, and soil. Running and reversing with little rotation in such environments may trap cells in micro-cul-de-sacs. In these cases, tumbling may reorient the bacteria, permitting them to swim out of such dead ends. The flying apart and subsequent rotation of the flagella may also push them away from the surrounding surfaces.
Relative Constraints on Reorientation
Chemotaxis, by whatever strategy, is the primary means by which bacteria display behavior and actively respond to their environment. The cell controls run length, reorientation method, speed, and cell size. These are individually important for cost but influence each other as well. Figure 9 recombines some of the earlier results to form a proposal for how these variables interact to help determine the most favorable size for chemotaxis in a given environment. The cost is implicit, and since cost increases as the square of the speed, the speed is the minimum necessary for chemotaxis. From this analysis, run and tumble and run and reverse appear to be the two major chemotactic strategies. Spatial sensing over less than one body length ( fig. 9 , black line) is thoroughly examined elsewhere (Dusenbery 1998) . Reversal reorientation is the most widespread in the sense that it permits the widest range of body sizes and run lengths for chemotaxis. Tumbling is expensive and loses time in reorientation, but it occurs at the most widely studied bacterial sizes. Reversing reorientation may be widespread in marine and freshwater bacteria . Arcing, stopping, and tracking have been reported in few species but may be representative of speciality or niche chemotactic strategies.
Cost Relative to Resource
To this point, the efficiency of the motor-flagella complex and of nutrient uptake are each fixed at the commonly reported 1% (Berg and Purcell 1977; Purcell 1977; Berg and Turner 1979; Lowe et al. 1987) . Mechanical limitations determine the former, with about 100 glucose molecules required for 1.8 # 10 Ϫ11 ergs of movement (Werner 1983 ). Here, I show that small bacteria take up nutrients more efficiently than larger bacteria for a given investment in receptors. The important parameters are size and the fraction of the surface covered by the receptors that gather the nutrients. Berg and Purcell (1977) found the fractional uptake by receptors as Schmidt-Nielsen (1984) . Four points were chosen to match the bacterial sample size. The extreme points were discarded because of the potentially greater measurement error associated with measurements in extremely small or large fish, which in turn increases the chance for extreme values to bias the slope.
where J and J max are, respectively, the flux for a given number of receptors and the maximum flux when the entire surface functions as a receptor, N is the number of receptors, s is the receptor radius, and a is the cell radius. Here, s is about 1 nm. Illustrative examples of curves from this equation are given in figure 10 for a standard intestinal bacterium (1 mm), the smallest rotationally unstabilized bacteria (0.3 mm; sensu Dusenbery 1997), and the smallest bacteria known (0.1 mm; sensu Dusenbery 1997) . Since the question of efficiency is most important in oligotrophic environments where bacteria are below 1 mm, the 0.3-mm size is an example. The efficiency ranges from 0.1% to 50%. Berg and Purcell (1977) point out that there is little added uptake beyond a number of receptors approximately equal to the ratio of the cell radius to the patch radius. That ratio is 300 for the 0.3-mm cells in figure 10 . The absolute minimum is one receptor of course, but a functional minimum may be about 50. Below this number, the exact placement of receptors on the surface becomes important (Berg and Purcell 1977) . Exact placement requires energetic or synthetic expense for sensing and maintaining relative positions. There is currently no evidence for such a sensory system, and it seems excessive in a nutrient poor environment, so I assume a minimum of 50 receptors placed randomly around the bacterial surface. For the intermediate-sized cell in figure 10 , the vertical lines at 50 and 300 receptors bracket 10% uptake efficiency. Previous estimates of 1% efficiency have assumed 1-mm cells (Purcell 1977) . If nutrient limitation is extreme, small cells get a larger portion of the maximum possible uptake than large cells per receptor. Independent of motility, this may help explain the tendency toward ultramicrobacteria in oligotrophic environments such as seawater (Morita 1985) . For a 0.3-mm cell in 0.1 mM glucose with 10% uptake efficiency, the flow across the membrane is ∼10 4 molecules/ s (Berg 1983; Mitchell 1991) . The cost, depending on which curves are chosen in figures 2 and 3, ranges from 0.05% to 50% of the cell's power. Even the low end of this range appears to be a significant cost when competition is considered. Lenski et al. (1991) found that growth differences of 0.01% per generation between populations resulted in fitness differences of approximately 10%. Fitness in this instance was a synonym for growth rate and, indirectly then, for energy use. Ancillary processes that take energy away from the growth process diminish fitness in this example.
In reliable nutrient-rich environments, a guaranteed high return means that the benefit provided by motility vastly outweighs any cost. In environments where the returns are marginal and chemical gradients are diverse, selection may drive diversification of chemotactic strategies and strongly influence the size and motility of bacteria. Many natural environments have low nutrient concentrations and thus potentially high levels of interspecific competition compared with laboratory bacterial cultures. Hence, while the cost of chemotaxis is small from the purely mechanical perspective, it may be an important cost for environmental and competitive considerations.
Broad Implications
To investigate the implications of bacterial chemotaxis for allometry, I chose minima from figures 2 and 3 for the smallest and largest size bacteria used (0.1 and 4 mm), the most commonly cited size for a bacterium (1 mm), and the size at the cost minimum in a 1-mm chemical gradient (0.3 mm; fig. 3 ). Using the relevant speeds ( fig. 4) , the units were converted to calories/gram/kilometer (SchmidtNielsen 1972) and compared with energy consumption in fish ( fig. 11) . The values for the fish were taken from Schmidt-Nielsen (1984) . The data were linearized before the slopes were compared with a t-test. The slopes of both fish and bacteria were near Ϫ0.3 and not significantly different ( , , ) , as determined by a t p 0.20 df p 4 P 1 .5 comparison of a linear slopes t-test (Zar 1984) . Schmidt-Nielsen (1972) found that the energy expenditure of bull sperm lay along the line of the power func-tion for swimming in fish and that the slope was approximately Ϫ0.3. However, there was no information on the calculation, and this observation was dismissed in the same article because it seemed unlikely that the scaling held across the transition from swimming in turbulent to swimming in laminar environments. This is a reasonable a priori assumption since turbulent swimming adds a pressure friction term to the viscous friction term (Schmidt-Nielsen 1984) . In the same article, however, Schmidt-Nielsen (1972) highlights Gray's paradox that energy expenditure indicates that dolphins swim in laminar flow at Reynolds numbers of 110 7 . Williams (1999) confirms this and shows that for similar-sized animals, the slopes for running and flying are the same as for swimming. Therefore, the common slope appears to be robust for similarly sized animals in different environments, and the slope for motility within water thus survives the transition from laminar to turbulent boundary layers. The calculation for bull sperm (Schmidt-Nielsen 1972) and figure 11 suggest that the slope survives the transition from turbulent to laminar flow across all Reynolds numbers at which organisms swim.
Schmidt-Nielsen's (1972) inclusion of bull sperm swimming presaged and is consistent with recent work showing that "bio-universal" scaling applies across traditional physical and biological boundaries, such as the transition to turbulence and the confinement to particular kingdoms (West et al. 1997 (West et al. , 1999a . These latter works possess considerable explanatory and predictive power (Enquist et al. 1998 (Enquist et al. , 1999 West et al. 1999a West et al. , 1999b Enquist and Niklas 2002) . The core insight is that all biological systems consist of branching, hierarchical networks that end at a structure of invariant size (West et al. 1997 ). Capillaries and ribosomes are examples of size-invariant structures (West et al. 1997 (West et al. , 1999a . The mechanistic significance of networks that terminate with invariant size is that they scale as multiples of 0.25 power rather than the 0.33 power arrived at by arguments of Euclidean geometry (West et al. 1997 ). The implication is that the slopes in figure 11 approximate a theoretical slope of Ϫ0.25 and not the commonly assumed Ϫ0.3. Interestingly, early careful measurements of swimming fish and flying birds showed slopes of Ϫ0.25 and Ϫ0.23 (Brett 1965; Tucker and Schmidt-Koenig 1971) . The slight overestimates in figure 11 may be from errors of dimension estimates for bacteria and measurement errors for fish that produce Euclidean biases in the slopes. Alternatively, Darveau et al. (2002) note that deviations from 0.25-based scaling laws can occur when multiple processes contribute to a single estimate of the scaling exponent. Thus, the slight overestimate here may result from considering together cell surface drag, flagellar stabilization, and gradient steepness.
The results presented and cited here suggest that bacterial chemotaxis follows the same size-to-energy expenditure function found in animals. This conformity appears to be achieved through variation in chemotactic strategies for given size bacteria in given environments. As such, the results provide a link between animal and microbial swimming that would further justify the exchange of principles and experimental questions between the two groups.
